Using crossing and analysis procedures similar to those applied to Streptomyces coelicolor ~3 ( 2 ) , several auxotrophic and streptomycin-resistant markers were located on a circular linkage map of the melanin-producing Streptomyces glaucescens, strain ~~~2 2 7 9 4 .
INTRODUCTION
Since the first quantitative results of genetic analysis in Streptomyces coelicolor ~3 ( 2 ) (Hopwood, 1959) and the further studies that established a circular linkage map (Hopwood, I 965) and a good experimental genetic system (Hopwood, I 967 ; Sermonti, I 969), mapping studies have been extended to other Streptomycetes. The obvious candidates were antibiotic-producing strains. Two of them, Streptomyces rimosus (AlaCeviC, 1969 ; 1973 ; Friend & Hopwood, 1971 ; AlaCeviC, StraSek-VeSligaj & Sermonti, 1973) and Streptomyces bikiniensis var. zorbonensis (Coats & Roeser, 1971) were chosen for genetic studies as a possible basis for strain improvement by genetic manipulation. The linkage maps of these two strains were compared with that of S. coelicolor ~3 ( 2 ) (Friend & Hopwood, 1971) and showed a remarkable similarity, as did the linkage map of Streptomyces olivaceus (Matselyukh et al. 1973) .
Streptomyces glaucescens strain ETH22794 produces the enzyme tyrosinase and is therefore capable of converting tyrosine to melanin. The tyrosinase of this strain has been purified and characterized by Lerch & Ettlinger (1972) . The studies described in this paper provide a starting point for investigations of the regulation of melanin-production in S. glaucescens, as well as yielding further data on comparative streptomycete genetics.
METHODS

Media.
Complete medium (CM), derived from that of Pridham et al. (1956) , had the following composition, per litre: Oxoid yeast extract, 4 g; Difco malt extract, 10 g; glucose, 4 g; Oxoid agar, 20 g. The medium was adjusted to pH 7-3 with ~N -N~O H .
This medium was employed for the maintenance of the wild-type and the isolation of auxotrophic and antibiotic-resistant mutants. The glucose-asparagine medium of Waksman (I 950) was modified and used as minimal medium (MM). Each litre of MM contained: glucose (auto-
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claved separately as a 50 % (w/v) solution and added to the medium before cooling), 10 g; asparagine, 0.5 g; K2HP04, 0.5 g; MgS04. 7H20, 0.5 g; NaCl, 0.5 g; CaCO,, 0.2 g; Oxoid agar, 20 g. The pH of the medium was 7.5 and was adjusted if necessary with KOH. This medium was employed with appropriate growth-factor supplementation for crossing, recombinant detection and for the maintenance of mutant strains. Supplements were added to MM at the following concentrations: amino acids, IOO ,ug/ml; purines and pyrimidines, 20 ,ug/ml; vitamins I ,ug/ml; streptomycin, 50 ,ug/ml.
Strains. All strains were derived from a single clone of Streptomyces glaucescens strain
Mutagenic treatments and characterization of growth-factor requirements. Mutations were induced by u.v., X-rays and N-methyl-N'-nitro-N-nitrosoguanidine (NTG). Glass Petri dishes containing suspensions of 109 to I O~O sporeslml were exposed to a dose of 6 x 103 to 8 x 103 erg mm-2 of u.v., or about 160 krad of X-rays. Both procedures were carried out in the dark to prevent photorepair, which is present in Streptomyces glaucescens. Spores were exposed to NTG under the conditions of DeliC, Hopwood & Friend (1970) . The intensity of mutagenesis was chosen to give a survival of about I %. Mutants were characterized by the method of Pontecorvo (1 952). Antibiotic-resistant mutants were obtained spontaneously by plating spores on CM or supplemented MM containing 50pg streptomycinlml .
Genetic markers. The auxotrophic and antibiotic-resistant markers isolated and used during this investigation were designated by standard symbols.
Crossing procedure. The preparations for crossing, the growth of crosses and the isolation and analysis of recombinants were similar to those described by Hopwood (I 967) and Friend & Hopwood (1971) .
All growing cultures were incubated at 28 to 30 "C. The parental strains in a cross differed in at least two markers. Parental cultures, each derived from a purified single clone, were incubated for 3 to 7 days depending on the vigour of sporulation, on supplemented MM either on slants (15 x 1.5 cm containing 15 ml) or in Petri dishes (20 nil) for spore production. Spore suspensions of each parent were prepared by the procedure of Hopwood (1967). The parental spore suspensions were mixed in an approximately I : I ratio (the titre of each parent and the frequency of reversion of the markers were determined in parallel with each cross) and incubated on plates containing a medium allowing both parents to grow. After 4 to 5 days the spores were harvested, diluted and 0.1 ml samples were spread on plates of selective media.
The colonies growing on these selective plates were mostly haploid recombinants, with a variable number of heteroclones and heterokaryons. The recombinant colonies were isolated and analysed by the procedure of Hopwood (1967) . If the proportion of heteroclones and/or heterokaryons exceeded 10% of the random sample of colonies picked from the original selective medium, then the total number of colonies counted on the selective plate was corrected. Complementation tests were carried out by means of the rationale described by Hopwood (1967).
ETH22794.
RESULTS
Preliminary evidence of linkage and map circularity
The first mapping studies were done using the procedure described by Hopwood (1959). Table I shows the results of such a four-factor cross. Analysis of recombinants on the four different selective media could recover g of the possible 16 genotypes, which included at least one member of each complementary pair except the parental pair. The number of Table I . Analysis of four-factor cross A : met-a ade-I+ pro-r ura-3+ x met-& ade-I pro-I+ ura-3
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A hundred colonies were isolated from each selective medium and classiiied into the four possible genotypes to give the numbers in columns a ; heteroclones and heterokaryons were excluded. Columns b give the frequencies of each genotype/o.r ml of spore suspension, calculated from columns a, and the total selectable progeny/o.r ml of spore suspension. Column c gives the averages of the figures in the four columns 6.
Selective media supplemented with each genotype in the random sample isolated from each medium was then converted to a relative frequency, based on the total count of colonies on that selective medium, which represented a 0.1 ml sample of the original spore suspension or a dilution of it. Whereas haploid recombinants yielded vigorously growing replica-patches on the medium identical to the master plate, heteroclones and heterokaryons failed to replicate. The proportions of such colonies analysed on the different media in this cross were not large. During the analysis of recombinants in other crosses we found enormous variation in the numbers of heteroclones and heterokaryons which, as pointed out by Friend & Hopwood (I 97 I), is to be expected from varying complementation with different combinations of growth factors omitted in the selective medium. Estimates of the numbers of recombinants of a particular genotype recovered on different selective media are in general in good agreement: in Table I Table I ) .
t Crossovers in intervals (indicated in parentheses).
P, probability of independence.
can be averaged to give the seven values in column c, and these can be taken as measures of the relative frequencies of the seven pairs of complementary recombinant progeny of the cross.
From the seven values in column c of Table I the relative recombination frequencies between the six pairs of markers can be evaluated. High and almost identical frequencies were found between five pairs of markers (lower section of Table I ) and the average of these five values, 147, was set at 50% recombination. The remaining pair, met-2-pro-I, showed linkage, with a relative recombination frequency of 16 % [(46/147) x 501.
From the data of a four-factor cross analysed as in Table I we can construct 2 x 2 tables testing the segregation of the two pairs of non-selected alleles on each selective medium ( Table 2) . As described by Hopwood (1969) , if all four loci in a cross are located on a circular map then the segregation of two adjacent markers is expected to show a lack of independence, whereas two loci separated by a selected marker will show independence. The results in Table 2 follow these predictions exactly when the loci are arranged in a particular sequence. The final conclusions for this cross are that the loci ade-I and met-2 are close to each other and all four markers are located on a circular linkage map in the sequence shown in Table 2 .
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A set of three four-factor crosses. By selecting recombinants from a four-factor cross as in Table I , four double auxotrophs can be recovered. Using these recombinants as parents, two further crosses with the same four loci as the original one (cross A, Table I ) gave the results shown in Tables 3 and 4. With such a set of crosses we were able to test the consistency of the conclusions on gene sequence and linkage derived from the first cross. Consideration of the probabilities of independence in Tables 3 and 4 leaves no doubt about the marker sequence.
When the percentage frequencies of the seven pairs of genotypes (that is the seven patterns of crossing-over) in the three crosses are compared (upper section of Table 5 ), the variation in the estimates is no worse than was found in the estimates of the same genotype on different selective media in each cross. From these data we obtain the total relative frequencies of recombination in the four intervals of each cross, and the average for the three crosses, as shown in the lower section of Table 5 . The linkage of met-a-pro-r found in cross A is present in all three crosses. A linkage between met-2 and ade-I is indicated by the combined data of the three crosses, when the values for the other two intervals are set at 50 %, although the distance is too great for linkage to have been recognized confidently from a single cross.
This method of linkage assessment, by means of trios of crosses, has the advantage over heteroclone analysis (Hopwood, Sermonti & Spada-Sermonti, 1963 ) that it can be used in Table 7 . Analysis of a seven-factor cross: ade-I+ ura-3+ lys-3 leu-2 met-2 pro-I str-4 x ade-I ura-3 lys-3f leu-24-met-2+ pro-I+ str-q+ the absence of pairs of closely-linked selectable markers, which are the normal prerequisite for heteroclone selection. It also overcomes the drawbacks of heteroclones in studying linkage over long intervals: few heteroclones are expected to be heterozygous for pairs of distant loci unless selection is made for such rare heteroclones, in which case the segregation of markers within them is likely to be grossly disturbed (Hopwood, 1969) . It is also a very much less laborious method, particularly since efficient use is made of all the data. The reliability of linkage estimates greater than about 30 % is, of course, likely to be reduced by such factors as zygote incompleteness (Hopwood, 1967) and the possible differential recovery of different genotypes owing to their reduced vigour of growth and/or sporulation.
Multi-factor crosses. The analysis of a multi-factor cross allowing the location of more than one unknown marker is demonstrated in Table 6 Table 6 ) allows the calculation of the allele ratio at each non-selected locus. These ratios must form an uninterrupted gradient between the selected loci. With n markers there are 2(n-3) possible sequencies to consider; in the present example there are eight. The most probable arrangement is that with the lowest number of multiple crossover progeny. In this example (lower section of Table 6 ) the most probable marker arrangement for each of the three selections is the same.
The kind of analysis in Table 6 reveals the sequence of loci, but not their relative spacings. The same applies to the next example (Table 7) for the efficient mapping, by a single selection, of a new marker (ura-3) in a multi-factor cross with as many as possible of the key loci already mapped. The rationale of such a cross was described by Hopwood (1967). On the basis of its allele frequency, the ura-3 locus could theoretically map between the markers pro-I and leu-2 (hypothesis I, Table 7 ) or between str-q and lys-3 (hypothesis 11). When the recombinant genotypes are classified in crossover classes, hypothesis I1 can be ruled out since it would require 54 out of 397 recombinants to be members of multiple crossover classes, whereas on hypothesis I there are only 8 multiples.
The linkage map of Streptomyces glaucescens. Using the mapping procedures discussed above, we obtained the linkage map of Streptomyces glaucescens strain ETH22794 shown in Fig. I . Circularity is implicit in the linkage analysis already described and was further demonstrated by a cross, whose results are not shown, based on the rationale of Hopwood (1969, which was similar to that of Stahl & Steinberg (1964) . Markers indicated by broken arcs have so far not been located exactly. The order of closely linked loci of similar phenotype (ura-2, ura-3, and str-I, str-q) was determined by crosses involving outside markers
